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Abstract 
We deposit intrinsic hydrogenated amorphous silicon (a-Si:H) thin films by reactive 
pulsed laser deposition, for various hydrogen pressures in the 0 – 20 Pa range, at a 
low deposition temperature of 120oC, and investigate the hydrogen incorporation, 
structural, optical, and electrical properties of the films, as a function of the ambient 
hydrogen pressure. The film thickness decreases linearly as the hydrogen pressure 
increases. The hydrogen content of the films is determined by infrared spectroscopy 
and the optical bandgap from UV-Vis-NIR transmittance and reflectance 
measurements. Electric measurements yield the dark conductivity of the films. The 
hydrogen concentration of the films lies in the 1021 – 1022 cm-3 range and increases 
with the hydrogen pressure until the latter reaches 15 Pa, beyond which the hydrogen 
concentration decreases. The optical bandgap and dark conductivity follow the 
hydrogen concentration variation of the films. The dark conductivity lies in the 10-9 – 
10-10 S/cm range.  An unusually wide optical bandgap of 2.2 – 2.6 eV is observed. 
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1. Introduction 
Hydrogenated amorphous silicon (a-Si:H) thin-films are being developed by 
several methods, including plasma-enhanced chemical vapor deposition [1,2,3], hot-
wire chemical vapor deposition [4,5], sputtering [6,7,8], chemical annealing [9], and 
reactive pulsed laser deposition (PLD) [10,11,12,13], among others, resulting in 
various optical and electrical properties, film qualities and uniformities, and 
deposition rates. Reactive pulsed laser deposition allows for the development of 
hydrogenated silicon thin films via laser ablation of a silicon target in a hydrogen 
atmosphere. It does not require the use of silane gas, thus reducing the fabrication cost 
significantly. PLD is a versatile technique because one or more of the deposition 
parameters (laser fluence, gas pressure, substrate temperature, etc.) can be easily 
adjusted in order to effectively control the film properties. Because it relies on the 
generation of atomic species with high kinetic energy, due to the high photon energy 
laser sources typically employed, it allows for low substrate temperatures during 
fabrication, as opposed to most of the alternative deposition methods, which require 
deposition temperatures exceeding 200oC in order to achieve improved film properties 
[14,15]. Low processing temperatures are often required in microelectronic 
fabrication and play a decisive role on the compatibility of a physical or chemical 
process with microelectronic engineering. A limited number of research studies on 
PLD fabrication of a-Si:H thin films investigate either the hydrogenation mechanism 
[12] and hydrogen content [10,12,13] or the crystalline structure [10,11] or the 
electric [12] and optical [13] properties of the resulting films. However, to the best of 
our knowledge, a single study to investigate all the aforementioned properties 
combined for the same sample has evaded the literature. Furthermore, the PLD-grown 
a-Si:H films reported in the literature have been deposited on substrates kept at room 
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temperature, even though heating of the substrate is known to improve the properties 
of the deposited films [16,17].   
In this work, we investigate the hydrogen incorporation, structural, optical, and 
electrical properties of pulsed-laser deposited intrinsic a-Si:H thin films, as a function 
of the hydrogen pressure during deposition. The hydrogen pressure varies in the 0 – 
20 Pa range, which is at the lower end of the hydrogen pressures employed for PLD 
growth of a-Si:H films in previous works. We employ a low substrate temperature 
(120oC), which is compatible with flexible, low-cost plastic substrates. From infrared 
spectroscopy, we find the hydrogen content of the films to fall within the 1021 – 1022 
cm-3 range. The hydrogen content increases with the hydrogen pressure until the latter 
reaches 15 Pa, beyond which the hydrogen content decreases, due to removal of 
hydrogen atoms from the surface of the depositing film. The optical bandgap of the 
films follows the hydrogen concentration variation, maximizing for the highest 
hydrogen concentration. The a-Si:H films show an unusually wide optical bandgap of 
2.2 – 2.6 eV. The dark conductivity of the films also follows the variation of the 
hydrogen concentration and lies in the 10-9 – 10-10 S/cm range.   
 
2. Materials and methods 
 Hydrogenated amorphous silicon thin films were deposited by reactive pulsed 
laser deposition [18,19]. Intrinsic silicon wafers were employed as targets for laser 
irradiation in a high vacuum chamber, in the presence of a hydrogen atmosphere. 
Prior to deposition, the chamber was evacuated to a base pressure of 10-5 mbar. A 
laser beam from a Q-switched Nd:YAG laser system (pulse duration 10 ns, 
wavelength 355 nm) was focused on the silicon targets, resulting in a fluence of 13 
J/cm2. The silicon targets were mounted on a motorized XY translation stage and 
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were raster-scanned during irradiation, which lasted for 3 hrs. A hydrogen gas flow of 
10, 15, and 20 Pa dynamic pressure was established in the vacuum chamber during 
deposition. As a result, thin hydrogenated silicon films were deposited on a substrate 
(glass or silicon), placed across the silicon targets at a distance of 50 mm, heated to 
120oC during film growth. For reference, pure thin silicon films, without hydrogen 
content, were also deposited on glass or silicon substrates in the presence of 5 Pa 
dynamic pressure of inert argon gas, keeping the other experimental conditions the 
same. These samples are referred to as being deposited under 0 Pa of hydrogen 
pressure in the remaining of the text.    
 The thickness of the films was measured by an Alpha-Step surface 
profilometer. The structure of the films was investigated by a X-ray diffractometer 
with Cu Ka radiation, in the 25o – 60o range. Infrared (IR) transmittance 
measurements, referenced to atmospheric air, were obtained on thin hydrogenated 
silicon films deposited on bulk silicon substrates, with the aid of a Fourier Transform 
Infrared (FTIR) spectrometer, operating in the mid-infrared spectral range (500 –  
5000 cm-1). Optical transmittance and reflectance spectra were recorded with a UV-
Vis-NIR spectrophotometer in the wavelength range from 300 to 1200 nm on films 
deposited on glass substrates. For electrical measurements, hydrogenated silicon films 
were deposited by pulsed laser deposition on glass substrates covered with a 120-nm 
gold layer, serving as the back electrode. Subsequently, the chamber was evacuated to 
the base pressure of 10-5 Pa to remove hydrogen residues and, without breaking the 
vacuum, a top 120-nm gold electrode was deposited on the silicon films via pulsed 
laser deposition. This way there was no silicon oxide layer between the hydrogenated 
silicon films and both electrodes. Dark conductivity measurements were performed 
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via a two-point probe method, in the geometry shown at the inset of Fig. 6. All 
measurements were performed at room temperature.  
 
3. Results and Discussion 
Figure 1 shows the thickness of the a-Si:H films, for various hydrogen 
pressures in the vacuum chamber during pulsed laser deposition. We observe the film 
thickness ranges from 160 nm to 560 nm and decreases almost linearly with the 
hydrogen pressure. X-ray diffraction measurements on the a-Si:H films deposited on 
glass substrates (not shown here) indicate the films are amorphous. The amorphous 
structure of the films is in agreement with the strong dependence of the film thickness 
on the hydrogen pressure and they are both attributed to scattering events between the 
ejected silicon atoms, which travel from the target to the substrate, and hydrogen. As 
the hydrogen pressure increases, scattering between silicon atoms and hydrogen 
becomes more pronounced and results in a smaller amount of less energetic silicon 
atoms reaching the substrate. The smaller amount of silicon atoms on the substrate 
results in the formation of a thinner film while the decreased energy of the silicon 
atoms does not allow for surface displacements that would lead to crystalline film 
growth.  
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Figure 1: Thickness of a-Si:H films as a function of the dynamic hydrogen pressure during 
pulsed laser deposition.  
 
In order to calculate the hydrogen content of the films, we employ infrared 
spectroscopy. Figure 2a shows IR transmittance spectra of the a-Si:H films, deposited 
on 0.35-mm thick silicon substrates, for various hydrogen pressures in the vacuum 
chamber during pulsed laser deposition. The IR transmittance spectrum of the silicon 
substrate is shown as well (black curve). The curves are vertically shifted for clarity. 
The absorption peaks of the silicon substrate spectrum, which are common to all 
samples, correspond to: (1) a Si-Si vibration mode in bulk c-Si at 611 cm-1 [20] (2) a 
Si-Si vibration mode in the presence of oxygen vacancy in SiO2 at 669 cm-1 [21] (3) a 
two-phonon (LO + LA) Si mode at 738 cm-1 [22] (4) a bending Si-O-Si mode at 816 
cm-1 [21], and (5), (6) a Si-O-Si asymmetric stretching doublet at 1074 and 1200 cm-1, 
with the last two Si-O-Si modes involving mainly oxygen displacements [23]. The 
absorption peaks at (7) 2341 cm-1 and (8) 2360 cm-1 correspond to the P and R branch, 
respectively, of the asymmetric stretching mode of CO2 gas, present in the atmosphere 
when taking the IR transmittance measurements [24]. Since the reference IR spectrum 
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was acquired in air, the variation of the CO2 doublet intensity in the sample spectra 
simply depicts the CO2 concentration variation in the sample compartment over time.  
 
 
Figure 2: (a) Infrared transmittance spectra of a-Si:H films and silicon substrate, for various 
dynamic hydrogen pressures during pulsed laser deposition. The curves are vertically shifted 
for clarity. (b) Infrared absorption coefficient in the SiH stretching mode spectral region. 
 
In addition to the absorption peaks present in the spectrum of the silicon 
substrate, the IR transmittance spectra of the Si:H thin films also show a broad band 
around ~2100 cm-1. The thin silicon film, deposited in argon atmosphere in the 
absence of hydrogen gas in the vacuum chamber, does not show this band. 
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Hydrogenated amorphous silicon has a characteristic stretching mode, attributed to 
clustered monohydrides (SiH) as well as polyhydrides (SiHx, x = 2 or 3), which 
results in an absorption band centered at 2100 cm-1. The hydrogen concentration, NH, 
can be calculated from the integrated absorbance over this absorption band, I, 
according to the equation: 
NH = A2100 I    (1), 
where 
€ 
I = aIR
ω
dω∫   (2), 
αIR is the infrared absorption coefficient, ω is the frequency in cm-1, and A2100 = (2.2 ± 
0.2)×1020 cm-2 is a proportionality constant [25]. Figure 2b shows the infrared 
absorption coefficient for the hydrogenated silicon films in the stretching mode 
spectral region. In order to extract the absorption coefficient values from IR 
transmittance measurements, we employ the method described in Ref. [26]. The 
resulting hydrogen concentration of the films is shown in Fig. 3, where we can see it 
decreases beyond 15 Pa of hydrogen pressure during deposition, because excessive 
hydrogen atoms in the atmosphere remove hydrogen atoms from the surface of the 
depositing film [8]. 
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Figure 3: Hydrogen concentration of a-Si:H films as a function of the dynamic hydrogen 
pressure during pulsed laser deposition.  
 
 Optical UV-Vis-NIR transmittance, T, and reflectance, R, measurements (see 
Supporting Information) allow for the calculation of the bandgap of the Si:H films. 
From the measured transmittance and reflectance, we calculate the absorption 
coefficient of the films, α, according to the equation: 
€ 
a = 1d ln
Tg (1− R)
T
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟    (3), 
where d is the film thikness and Tg the transmittance of the glass substrate [2] (Fig. 4).  
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Figure 4: Absorption coefficient, α, of a-Si:H films for various dynamic hydrogen pressures 
during pulsed laser deposition. 
 
From a Tauc plot, which depicts (αhν)1/2 as a function of the photon energy, hν, we 
can calculate the optical bandgap of each film as the energy value at which the 
tangent to the linear part of (αhν)1/2 intecepts the x-axis [2,9,28] (see Supporting 
Information). Figure 5 shows the optical bandgap of the Si:H films, as a function of 
the hydrogen pressure in the PLD chamber during deposition. We observe the 
bandgap increases for the hydrogenated films, compared to the pure Si film (0 Pa). 
Additionally, comparing Fig. 5 with Fig. 3, we note the bandgap increases with 
increasing hydrogen concentration and then decreases when the hydrogen 
concentration falls below the maximum value. The presence of hydrogen in Si:H 
films is known to decrease defect and band-tail states, thus increasing the optical 
bandgap [27]. The bandgap values shown in Fig. 5 are higher than typical bandgap 
values for a-Si:H films, which are 1.7 – 1.8 eV [28]. Indeed, depending on the 
deposition conditions, the bandgap of Si:H films has been observed to deviate from 
typical values, due to changes in the hydrogen microstructure of the films and the way 
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hydrogen is incorporated in the amorphous matrix [8,28]. Additional reasons for 
bandgap widening in a-Si:H films include the formation of microvoids [4] and oxygen 
incorporation [13]. Wide-bandgap a-Si:H films can be used as absorbers with a large 
open-circuit voltage in multijunction solar cells.   
 
Figure 5: Optical bandgap of a-Si:H films as a function of the dynamic hydrogen pressure 
during pulsed laser deposition.  
 
 The dark conductivity of the a-Si:H films is shown in Fig. 6. We observe the 
incorporation of hydrogen atoms increases the conductivity of the samples. Beyond 
the hydrogen pressure of 15 Pa during deposition, when the hydrogen concentration 
of the films decreases, the conductivity decreases as well. Hydrogen passivation of 
amorphous silicon dangling bonds is known to increase the conductivity of a-Si:H 
films [27]. Therefore, the conductivity measurements agree with the hydrogen 
concentration and optical bandgap measurements.  
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Figure 6: Dark electric conductivity of a-Si:H films as a function of the dynamic hydrogen 
pressure during pulsed laser deposition. Inset: Circuit for electric conductivity measurements. 
 
4. Conclusions  
We deposited intrinsic a-Si:H thin films by reactive pulsed laser deposition, for 
various hydrogen pressures in the 0 – 20 Pa range, at a low deposition temperature of 
120oC, suitable for microelectronic fabrication on various substrates. The film 
thickness decreases linearly as the hydrogen pressure increases, due to scattering 
events between ejected silicon atoms and hydrogen, which results in a smaller amount 
of silicon atoms reaching the substrate for higher hydrogen pressures. For the 
formation of crystalline films, we need to employ lower hydrogen pressures, which 
will allow for more energetic silicon atoms at the substrate. The hydrogen content of 
the films was determined via infrared spectroscopy and the optical bandgap from UV-
Vis-NIR transmittance and reflectance measurements. Electric measurements yield 
the dark conductivity of the films. The hydrogen concentration decreases beyond 15 
Pa of hydrogen pressure during deposition, because excessive hydrogen atoms in the 
atmosphere remove hydrogen atoms from the surface of the depositing film. The 
optical bandgap and dark conductivity follow the hydrogen concentration variation of 
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the films because the presence of hydrogen decreases defect and band-tail states, 
which reduce the bandgap, and passivates silicon dangling bonds, which decrease the 
conductivity of a-Si:H films.
 
An unusually wide optical bandgap of 2.2 – 2.6 eV is 
observed.  
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